INTRODUCTION
============

Atopic dermatitis (AD) is a chronic inflammatory skin disease and commonly occurs during infancy or childhood but can also occur in adults. AD is characterized by chronic eczematous and pruritic skin lesions, which are caused by inflltration of inflammatory cells such as mast cells, eosinophils, monocytes/macrophages and T lymphocytes ([@b25-bt-25-535]). Mast cells are key mediators of immediate allergic responses and anaphylaxis, releasing histamine and other inflammatory mediators of inflammation ([@b39-bt-25-535]). The developmental trigger in most patients is elevated levels of serum immunoglobulin E (IgE) and circulating eosinophils due to increased production of interleukin (IL)-4, IL-5 and IL-13 by Th2 cells. The pro-inflammatory cytokines IL-1, IL-6, and TNF-α are produced by inflammatory dendritic epidermal cells which are differentiated from recruited monocytes in the acute phase of AD. Other cytokines, such as IL-4, IL-13, IL-17, interferon-γ (IFN-γ) are also increased in AD skin lesions ([@b49-bt-25-535]).

*Rosmarinus officinalis L.* (family *Lamiaceae*), popularly called rosemary, is native to the Mediterranean region and is now widely spread in European countries. It has been used in folk medicine with several pharmacological effects being associated to its consumption, including its anti-inflammatory effects due to its high antioxidant and antimicrobial activities ([@b34-bt-25-535]; [@b29-bt-25-535]). As one of the main active diterpene in rosemary, carnosol (CS) has been largely investigated for anti-tumoral, anti-inflammatory and anti-oxidant activities *in vitro* and *in vivo* ([@b31-bt-25-535]; [@b36-bt-25-535]). In previously studies, carnosol significantly inhibited inflammatory responses such as IL-1β, tumor necrosis factor-α (TNF-α) and increased IL-10 in inflamed mice skin ([@b48-bt-25-535]; [@b37-bt-25-535]). Carnosol also inhibited NO generation and expression of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2) in RAW 264.7 cells and mice skin ([@b28-bt-25-535]). The constitutive phosphorylation, the DNA binding and reporter gene activity of signal transducer and activator of transcription-3 (STAT3) was also reduced by treatment with carnosol in human colon cancer HCT116 cells ([@b32-bt-25-535]).

Several studies have indicated that the activation of JAKSTAT signaling occurs in the skin of AD patients, and the serum levels of STAT3 were increased in childhood AD ([@b26-bt-25-535]; [@b2-bt-25-535]). STAT3 is also involved in Ig-E dependent mast cell degranulation of human and mice mast cells in AD ([@b39-bt-25-535]; [@b6-bt-25-535]). It is also well known that activated STAT3 downregulates keratinocyte differentiation which is involved in skin barrier formation ([@b2-bt-25-535]). Several cytokines are involved in the AD development through modification of STAT3 activation ([@b4-bt-25-535]). Activation of STAT3 is increased by IL-23, IL-12 and IL-6 in T cells in the edema formation, lymphocyte infiltration, and keratinocyte proliferation of AD ([@b11-bt-25-535]). It was also reported that IL-31 level was elevated by the activation of STAT3 in AD patients ([@b22-bt-25-535]). Thus, application of topical and systemic anti-inflammatory agents inhibiting STAT3 is important for the treatment of AD ([@b12-bt-25-535]).

Several pharmacological effects such as anti-oxidant, anti-inflammatory, anti-carcinogenic activities, and neuroprotective effects of carnosol have been studied. However, no study has been dedicated yet to its potential effect on AD. Therefore, we study the anti-AD effects of carnosol *in vitro* and *in vivo*.

MATERIALS AND METHODS
=====================

Materials
---------

Carnosol and phthalic anhydride were purchased from Sigma Aldrich (St. Louis, MO, USA).

Ethical approval
----------------

The animal study was carried out according to the guidelines for animal experiments of the Institutional Animal Care and Use Committee (IACUC) of Laboratory Animal Research Center at Chungbuk National University, Cheongju, Korea (CBNUA-929-16-01). The mice were housed three mice per cage with an automatic temperature control (21--25°C), relative humidity (45--65%), and 12 h light-dark cycle illuminating from 07:00 a.m. to 07:00 p.m. Food and water were available ad libitum. During this study, all mice were specially observed for normal body posture, ataxia, urination, etc. two times per day.

Animal treatment
----------------

The protocols for the animal experiment used in this study were carefully reviewed for ethical and scientific care procedures and approved by the Chungbuk National University-Institutional Animal Care and Use Committee (Approval Number CBNU-2015-0976). Eight week old male HR1 mice (Saeronbio, Uiwang, Korea) were maintained and handled in accordance with the humane animal care and use guidelines of Korean FDA. HR1 mice (eight-week-old, n=32) were randomly divided into one of three groups. Age-matched HR1 mice were used as the control group (control, n=8). In the first group (control, n=8), nothing was applied. In the second group (Vehicle, n=8), 200 μl of Dimethyl sulfoxide (DMSO) was spread on the dorsum of the ears and back skin three times a week for four weeks. The third group (PA, n=8), 100 μl (20 μl/cm^2^) of 5% phthalic anhydride solution was applied. The fourth group (carnosol 0.05 μg/cm^2^, n=8) was first applied with PA, and after three hours 100 μl (20 μl/cm^2^) of 10 μM of carnosol was applied.

Evaluation of dermatitis severity
---------------------------------

The severity of dermatitis on the ear and dorsal regions was evaluated twice per week. The development of erythema/hemorrhage, scarring/dryness, edema, and excoriation/erosion was scored as 0 (none), 1 (mild), 2 (moderate), or 3 (severe). The total clinical dermatitis severity score for each mouse was defined as the sum of the individual scores ([@b27-bt-25-535]; [@b42-bt-25-535]).

Measurement of body weight, ear thickness and lymph node weight
---------------------------------------------------------------

Alterations of body weight during the experimental procedure were measured with an electronic balance (Mettler Toledo, Greifensee, Switzerland) once a week for four weeks. Weights of lymph nodes collected from the sacrificed mice were also measured by the same method. Ear thickness was measured using a thickness gauge (Digimatic Indicator, Matusutoyo Co., Tokyo, Japan) to determine the degree of allergic skin inflammation induced by PA treatment.

Histological techniques
-----------------------

Ear and back skins were removed from mice, fixed with 10% formalin, embedded in paraffin wax, routinely processed, and then sectioned into 5 μm thick slices. The skin sections were then stained with hematoxylin and eosin (H&E) or toluidine blue. The thickness of the epidermis and dermis were also measured using the Leica Application Suite (Leica Microsystems, Wetzlar, Germany).

Enzyme-linked immunosorbent assay (ELISA) for detection of serum IgE concentration
----------------------------------------------------------------------------------

The serum IgE concentration was measured using an ELISA kit (Shibayagi, Inc., Gunma, Japan) according to the manufacturer's instructions. In brief, captured antibodies were plated in the Nunc C bottom immunoplate supplied in the kit. Next, wells were washed with washing solution (50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8.0) three times. Then, serum samples and standards diluted with buffer solution were added to the wells, and the plate was incubated for 2 h. The wells were washed again with washing solution, 50 μl of Biotin-conjugated anti-IgE antibodies (1000-fold dilution) were added to each well and incubated further for 2 h to bind with captured IgE. The wells were washed again with washing solution, after which horseradish peroxidase-conjugated detection antibodies (2000-fold dilution) were added to each well and incubated for 1 h. An enzyme reaction was then initiated by adding tetramethylbenzidine (TMB) substrate solution (100 mM sodium acetate buffer pH 6.0, 0.006% H~2~O~2~) and the plate was incubated at room temperature in the dark for 20 min. Finally, the reaction was terminated by adding acidic solution (reaction stopper, 1 M H~2~SO~4~), and absorbance of the yellow product was measured spectrophotometrically at 450 nm. The final concentration of IgE was calculated using the standard curve.

Cytokine assay
--------------

By the end of the study period, blood specimens were collected. Serum levels of mouse TNF-α and IL-1β were measured by enzymelinked immunosorbent assay (ELISA) kits provided by Thermo Scientific, Inc. (Rockford, IL, USA) according to the manufacture's protocol.

Luciferase activity
-------------------

RAW 264.7 cells were plated in 12-well plates (1×10^5^ cells/well) and transiently transfected with STAT3-Luc plasmid using a mixture of plasmid and Lipofectamine 3000 in OPTIMEM according to manufacturer's specification (Invitrogen, Carlsbad, CA, USA) for 24 h ([@b19-bt-25-535]; [@b18-bt-25-535]). The transfected cells were treated with 1, 2 and 5 μM carnosol for another 24 h. Luciferase activity was measured by using a luciferase assay kit (Promega, Madison, WI, USA), and the results were read on a luminometer as described by the manufacturer's specifications (WinGlow, Bad Wildbad, Germany).

Pull down assay
---------------

Carnosol was conjugated with cyanogen bromide (CNBr)-activated Sepharose 6B (Sigma Aldrich). Briefly, carnosol (1 mg) was dissolved in 1 ml of coupling buffer (0.1 M NaHCO3 and 0.5 M NaCl, pH 6.0). The CNBr-activated Sepharose 6B was swelled and washed in 1 mM HCl on a sintered glass filter, then washed with the coupling buffer. CNBr-activated Sepharose 6B beads were added to the carnosol containing coupling buffer and incubated at 4ºC for 24 h. The carnosol conjugated with Sepharose 6B was washed with three cycles of alternating pH wash buffers (buffer 1, 0.1 M acetate and 0.5 M NaCl, pH 4.0; buffer 2, 0.1 M Tris HCl and 0.5 M NaCl, pH 8.0). Carnosol-conjugated beads were then equilibrated with a binding buffer (0.05 M Tris HCl and 0.15 M NaCl, pH 7.5). The control unconjugated CNBr-activated Sepharose 6B beads were prepared as described above in the absence of carnosol. The cell lysate or STAT3 recombinant protein (Abnova, Taipei, Taiwan) were mixed with carnosol-conjugated Sepharose 6B or Sepharose 6B at 4ºC for 24 h. The beads were then washed three times with TBST. The bound proteins were eluted with SDS loading buffer. The proteins were then resolved by SDS-PAGE followed by immunoblotting with antibodies against STAT3 (1:1000 dilution, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA).

Western blot analysis
---------------------

100 mg of mice skin tissues or about 1×10^6^ cells were harvested and homogenized with lysis buffer \[50 mM Tris pH 8.0, 150 mM NaCl, 0.02% sodium azide, 0.2% SDS, 1 mM phenyl methylsulfonyl fluoride (PMSF), 10 μl/ml aprotinin, 1% igapel 630 (Sigma Aldrich), 10 mM NaF, 0.5 mM EDTA, 0.1 mM EGTA and 0.5% sodium deoxycholate\]. The extracts were centrifuged at 23,000 g for 1 h. Equal amounts of protein (20 μg) was separated on a sodium dodecyl sulfate (SDS)/10%-polyacrylamide gel, and then transferred to a nitrocellulose membrane (Hybond ECL, Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA). Blots were blocked for 2 h at room temperature with 5% (w/v) non-fat dried milk in Tris-buffered saline \[10 mM Tris (pH 8.0) and 150 mM NaCl\] solution containing 0.05% tween-20. The membrane was incubated for 4 h at room temperature with specific antibodies: rabbit polyclonal antibodies against iNOS and COX-2 (1:500) (Santa Cruz Biotechnology Inc.), and mouse polyclonal antibodies against STAT3 (1:500) (Santa Cruz Biotechnology Inc.) were used in this study. The blot was then incubated with the corresponding conjugated anti-rabbit immunoglobulin G-horseradish peroxidase (Santa Cruz Biotechnology Inc.). Immunoreactive proteins were detected with the enhanced chemiluminoscent (ECL) western blotting detection system.

Cell culture
------------

The RAW 264.7 murine macrophage cell line was obtained from the Korea Cell Line Bank (Seoul, Korea). These cells were grown at 37°C in DMEM medium supplemented with 10% FBS, penicillin (100 units/ml) and streptomycin sulfate (100 μg/mL) in a humidified atmosphere of 5% CO~2~. Cells were incubated with carnosol at various concentrations (1, 2, or 5 μM) or positive chemicals and then stimulated with LPS 1 μg/mL for the indicated time in figure legends. Various concentrations of carnosol dissolved in ethanol were added together with LPS. The final concentration of ethanol used was less than 0.05%. Cells were treated with 0.05% ethanol as the vehicle control.

Electro mobility shift assay
----------------------------

EMSA was performed according to the manufacturer's recommendations (Promega). Briefly, astrocytes were washed twice with 1×PBS, followed by the addition of 1 ml of PBS, and the cells were scraped into a cold Eppendorf tube. Cells were spun down at 15,000 rpm for 5 min, and the resulting supernatant was removed. Solution A (50 mM HEPES, pH 7.4, 10 mM KCl, 1 Mm EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.1 μg/ml PMSF, 1 μg/ml pepstatin A, 1 μg/ml leupeptin, 10 μg/ml soybean trypsin inhibitor, 10 μg/ml aprotinin, and 0.5% Nonidet P-40) was added to the pellet in a 2:1 ratio (v/v) and incubated on ice for 10 min. Solution C (solution Aþ 10% glycerol and 400 mM KCl) was added to the pellet in a 2:1 ratio (v/v) and vortexed on ice for 20 min. The cells were centrifuged at 15,000 g for seven minutes, and the resulting nuclear extract supernatant was collected in a chilled Eppendorf tube. The proteins of mice brains were extracted as the method in astrocytes. STAT3 (5′-GAT CCT TCT GGG AAT TCC TAG ATC-3′, Santa Cruz Biotechnology) were end labeled using T4 polynucleotide kinase and (γ-32P) ATP for 10 min at 37°C. Gel shift reactions were assembled and allowed to incubate at room temperature for 10 min followed by the addition of 1 μl (50,000 to 200,000 cpm) of ^32^P-labeled oligonucleotide and another 20 min of incubation at room temperature. Subsequently, 1 μl of gel loading buffer was added to each reaction and loaded onto a 4% nondenaturing gel and electrophoresed until the dye was 75% of the way down the gel. The gel was dried at 80°C for 2 h and exposed to film overnight at −70°C. The relative density of the protein bands was scanned by densitometry using MyImage (SLB, Seoul, Korea), and quantified by Labworks 4.0 software (UVP Inc., Upland, CA, USA).

Nitrite quantification assay
----------------------------

The NO was determined through the indication of nitrite level in the cell culture media. The nitrite accumulation in the supernatant was assessed by Griess reaction ([@b44-bt-25-535]). The RAW 264.7 murine macrophages were seeded into 6-well plates (1×10^6^ cells/well) with 2 ml of cell culture media and incubated for 24 h. This was followed by discarding the old culture media and replacing them with new media to maintain the cells. Different concentrations of carnosol (1, 2, and 5 μM) were pretreated with the RAW 264.7 macrophages. Induction of RAW 264.7 macrophages with LPS (1 μg/mL) for all samples were conducted except in the control group for another 24 h. Then, 100 μl of the collected supernatants was added with 100 μl of Griess reagent (0.1% NED, 1% sulphanilamide, and 2.5% phosphoric acid) and incubated in room temperature for 10 min in the dark. The absorbance was determined by using a microplate reader at 540 nm wavelength. The NO concentration was determined by comparison to the standard curve.

Statistical analysis
--------------------

The experiments were conducted in triplicate, and all experiments were repeated at least three times with similar results. The data were expressed as the means ± SEM. Statistical analysis was done using the one-way ANOVA test, with the following significance levels: ^\*^*p*\<0.05, ^\#^*p*\<0.05.

RESULTS
=======

Interaction between carnosol and STAT3
--------------------------------------

The chemical structure of carnosol is shown in [Fig. 1A](#f1-bt-25-535){ref-type="fig"}. We performed a pull-down assay and molecular docking experiment between carnosol and STAT3 using carnosol-sepharose 6B beads. The binding of carnosol to STAT3 was then detected by immunoblotting with an STAT3 antibody. The results indicated that carnosol interacted with cell lysates containing STAT3 from RAW 264.7 cells as well as recombinant STAT3 protein ([Fig. 1B](#f1-bt-25-535){ref-type="fig"}). To further identify the binding of STAT3 to carnosol, we performed computational docking experiments with carnosol and STAT3. The binding study was performed using Autodock Vina software and showed that carnosol binded to STAT3 (carnosol binds to: His332, Ile467, Cys468, Met470, Pro471, Val563, Asp566, Asn567, Asp570, Lys574, and Lys642) ([Fig. 1C](#f1-bt-25-535){ref-type="fig"}).

Effects of carnosol treatment on ear thickness and morphology
-------------------------------------------------------------

To determine whether or not treatment with carnosol can suppress the changes in ear phenotype induced by PA treatment, clinical score, ear thickness and morphology of ear were observed. Ear thickness significantly increased in PA treated mice compared to the control and vehicle treated group. On the other hand, ear thickness in the carnosol treated group was decreased ([Fig. 2B](#f2-bt-25-535){ref-type="fig"}). Clinical score of AD increased rapidly in PA induced mice. The dermatitis severity score was significantly lower in mice treated with carnosol as control and vehicle treated mice. The total clinical dermatitis severity score of PA group was increased up to 4 on day 27 compared with the control or vehicle treated group. And, the score of the carnosol group was up to 2.4 on day 27 ([Fig. 2C](#f2-bt-25-535){ref-type="fig"}). Furthermore, symptoms consisting of erythma, dry skin, edema, excoriation and erosion were observed in the PA treated group compared with the control or vehicle treated group. Changes in body weight and ear thickness were measured during the experimental period. No significant difference in body weight was detected after any of the treatments ([Fig. 2A](#f2-bt-25-535){ref-type="fig"}). However, ear and back morphology of 5% PA treatment group were dramatically reversed upon carnosol treatment ([Fig. 2D](#f2-bt-25-535){ref-type="fig"}).

Effect of carnosol treatment on lymph node weight and IgE concentration
-----------------------------------------------------------------------

The lymph node size and weight are significantly increased in the AD condition ([Fig. 3A, 3B](#f3-bt-25-535){ref-type="fig"}). We thus determined whether or not carnosol could suppress the increases in lymph node weight and IgE concentration. We evaluated the auricular lymph node weight and serum IgE concentration. PA treatment induced an increase in lymph node weight compared with the control or vehicle treated mice. However, the weight of lymph node was significantly reduced in the carnosol treated mice ([Fig. 3B](#f3-bt-25-535){ref-type="fig"}). It is well known that hyperproduction of Ig-E is characteristic features of allergic hypersensitivity as well as an indicator of the magnitude of the allergic immune response including AD ([@b43-bt-25-535]). The serum Ig-E concentration was measured in all mice groups to determine whether carnosol inhibits the allergic response induced by PA. Topical application of PA induced a significant increase in serum Ig-E concentration compared with control (369.0 ± 43.56). However, the level was significantly decreased by the treatment of carnosol (114.5 ± 6.696) ([Fig. 3C](#f3-bt-25-535){ref-type="fig"}). Furthermore, topical application of PA induced a significant increase in neutrophils of whole blood (62.44 ± 2.315). However, the level was significantly decreased by the treatment of carnosol (33.58 ± 1.548) ([Fig. 3D](#f3-bt-25-535){ref-type="fig"}).

Effect of carnosol on the release of inflammatory cytokines
-----------------------------------------------------------

To determine if carnosol treatment could induce alterations in the inflammatory cytokines in PA-induced skin inflammation, the level of TNF-α and IL-1β was measured in the mouse serum of the control, vehicle, PA and PA+ carnosol treated group. The level of TNF-α and IL-1β were generally higher in the PA treated group than the control or vehicle treated group. However, these levels in the carnosol treated group were significantly decreased to the level of the control or vehicle treated group ([Fig. 3E, 3F](#f3-bt-25-535){ref-type="fig"}).

Effect of carnosol treatment on ear and back histology
------------------------------------------------------

To investigate the inhibitory effect of carnosol treatment on ear and back histology, histological analysis of the ear and back skin was performed. The hematoxylin and eosin stained ear and back tissues showed the epidermis and dermis were thicker in the PA treated group than in the control or vehicle treated group. Also, the ear and back skin showed inflammatory cell infiltration of the dermis in PA-induced mice. However, the thickness and inflammatory cell infiltration were significantly decreased in the carnosol treated group ([Fig. 4A](#f4-bt-25-535){ref-type="fig"}). The ear and back tissues were stained with toluidine blue to determine PA-induced mast cell infiltration to the dermis ([Fig. 4B](#f4-bt-25-535){ref-type="fig"}). The number of mast cells in the dermis of back skin increased significantly in PA-induced mice (131.3 ± 25.12) compared with control mice (13.00 ± 5.508), and this increase was reduced with a topical application of carnosol ([Fig. 4C](#f4-bt-25-535){ref-type="fig"}).

Effect of caronosol on expression of iNOS and COX-2, and p-STAT3 in PA induced AD mice skin
-------------------------------------------------------------------------------------------

To investigate whether the inhibitory effect of carnosol on expression of p-STAT3 in PA-induced AD model exists, the back skin tissues were prepared and assayed by western blot. The back skin of PA treated mice showed significant phosphorylation of STAT3 when compared to the control group. In contrast, carnosol significantly inhibited phosphorylation of STAT3. However, there was no difference in STAT3 ([Fig. 4D](#f4-bt-25-535){ref-type="fig"}). In addition, protein expressions of iNOS and COX-2 were significantly increased in PA-treated AD mice, but significantly decreased with carnosol treatment ([Fig. 4D](#f4-bt-25-535){ref-type="fig"}).

Effect of carnosol on LPS-induced NO production and iNOS and COX-2 expression in RAW 264.7 cells
------------------------------------------------------------------------------------------------

Inflammation is a critical factor in AD, and NO is an indicator of inflammation in the skin ([@b46-bt-25-535]). Thus, the effect of carnosol on LPS-induced NO production in RAW 264.7 cells was investigated by measuring the released nitrite in the culture medium by Griess reaction. Treatment of LPS (1 μg/mL) significantly increased NO level in RAW 264.7 cells. After co-treatment with LPS and carnosol (1, 2, 5 μM) for 24 hours, LPS-induced NO level was decreased remarkably in a concentration dependent manner ([Fig. 5A](#f5-bt-25-535){ref-type="fig"}). In addition, to determine whether carnosol inhibits the NO production via inhibition of inflammatory gene expression, we determined iNOS and COX-2 expression by Western blot analysis. As shown in [Figure 1A](#f1-bt-25-535){ref-type="fig"}, iNOS and COX-2 protein expression was significantly increased in response to LPS (1 μg/mL) after 24 hours. Co-treatment with carnosol (1, 2, 5 μM) caused decrease of LPS-induced iNOS and COX-2 expression in RAW 264.7 cells in a concentration dependently ([Fig. 5B](#f5-bt-25-535){ref-type="fig"}). However, the doses of carnosol tested did not have any toxic effects ([Fig. 5C](#f5-bt-25-535){ref-type="fig"})

Effect of carnosol on STAT3 activities
--------------------------------------

STAT3 regulates inflammation through the regulation of several genes. To investigate whether carnosol is able to attenuate LPS-induced STAT3 transcriptional activity, we used RAW 264.7 cells transiently transfected with STAT3-Luc plasmid for luciferase activity measurement. Cells were then treated with LPS (1 μg/mL) or co-treated with LPS and carnosol for 24 h. Treatment with carnosol resulted in a concentration-dependent suppression of luciferase activity induced by LPS ([Fig. 5D](#f5-bt-25-535){ref-type="fig"}). To investigate whether carnosol can prevent LPSinduced STAT3 activity, RAW 264.7 cells were treated with LPS (1 μg/ml) or co-treated with LPS and carnosol (1, 2 and 5 μM) for 15 min. LPS significantly induced STAT3 phosphorylation, but LPS-induced STAT3 phosphorylation was markedly inhibited by co-treatment with carnosol in RAW 264.7 cells in a concentration dependent manner ([Fig. 5E](#f5-bt-25-535){ref-type="fig"}). Consistent with the inhibitory effect on STAT3 phosphorylation, DNA binding activity of STAT3 elevated by LPS was significantly reduced by carnosol in RAW 264.7 cells ([Fig. 5F](#f5-bt-25-535){ref-type="fig"}).

Involvement of the STAT3 pathway in the inhibitory effect of carnosol on LPS-induced inflammation
-------------------------------------------------------------------------------------------------

To further investigate the involvement of STAT3 pathway in carnosol induced anti-inflammation effects, we employed specific STAT3 inhibitor with treatment of carnosol. We determined STAT3, p-STAT3 as well as NO release after co-treatment of specific STAT3 inhibitor (stattic) with carnosol. The combination of carnosol (2 μM) and STAT3 inhibitor (static, 1 μM) significantly inhibited STAT3 phosphorylation compared to carnosol and STAT3 inhibitor (stattic) treatment alone ([Fig. 6A](#f6-bt-25-535){ref-type="fig"}). In addition, expression of iNOS and COX-2 significantly decreased with a combination of carnosol and STAT3 inhibitor ([Fig. 6B](#f6-bt-25-535){ref-type="fig"}). Treatment of carnosol (2 μM) decreased the NO generation (24.62% inhibition) and STAT3 luciferase activity (28.83%) in RAW 264.7 cells. However, the inhibitory effect of carnosol on NO generation (50.61%) and luciferase activity (58.52%) was augmented by co-treatment of carnosol with a specific STAT3 inhibitor (stattic) in RAW 264.7 cells ([Fig. 6C, 6D](#f6-bt-25-535){ref-type="fig"}).

DISCUSSION
==========

AD is a chronic, relapsing, and highly pruritic inflammatory skin disease ([@b33-bt-25-535]). Generally, the skin tissues of AD show hyperkeratosis, spongiosis, parakeratosis, epidermal hyperplasia, acanthosis and accumulation of lymphocytes and mast cells ([@b24-bt-25-535]). Pro-inflammatory cytokines are known to induce mast cells to produce inflammatory mediators such as histamine, proteases, and chemotactic factors. Production of pro-inflammatory cytokines from mast cells and increase of neutrophils are markers of allergic inflammation ([@b35-bt-25-535]; [@b23-bt-25-535]). IgE-dependent mast cell activation is known to release a variety of allergic mediators, including TNF-α and histamine ([@b23-bt-25-535]). In AD, dermal infiltration, mast cells, IgE and cytokines were significantly increased ([@b41-bt-25-535]; [@b24-bt-25-535]). Therefore, lower levels of Ig-E, cytokines, neutropils and inactivation of mast cells are important for the treatment of AD. Our data show that thickness of epidermis, Ig-E concentration, neutrophils, mast cells, cytokines involved in inflammatory responses were significantly decreased in carnosol treated mice. These data indicate that carnosol has anti-dermatitis effects.

Several studies indicated that AD is characterized by an increased serum Ig-E level and cytokine expression ([@b9-bt-25-535]). In other previous studies, a variety of anti-inflammatory compounds, such as *Aquaphilus dolomiae* extract, bee venom and fullerene C60 have showed efficacy to hinder anti-AD through decreased cytokines and Ig-E level ([@b3-bt-25-535]; [@b38-bt-25-535]; [@b49-bt-25-535]). Our study demonstrated that carnosol treatment significantly reduced Ig-E and cytokines in PA induced mice. A number of studies have shown that nitiric oxide (NO), iNOS, and COX-2 play key roles in inflammation *in vitro* and *in vivo*. NO production by macrophages can damage cells and tissues and COX-2 appears to cause prostaglandin formation in inflammation. LPS stimulation can activate target genes encoding pro-inflammatory cytokines, chemokines, and inducible enzymes such as iNOS and COX-2 ([@b40-bt-25-535]; [@b14-bt-25-535]). In this study, carnosol reduced PA-induced expression of iNOS, COX-2 in the mice. Also, carnosol showed decreased LPS-induced expression of iNOS, COX-2 and NO production in RAW 264.7 cells. In AD, NO, iNOS and COX-2 stimulated by TNF-α/IFN-γ and IL-1β contributed to induce AD ([@b30-bt-25-535]; [@b1-bt-25-535]). Some studies such as Hataedock, Quercetin, Resveratrol and K112PC-5 show that anti-AD effects via inhibition of NO production, iNOS, COX-2 and cytokines ([@b15-bt-25-535]; [@b17-bt-25-535], 2015; [@b7-bt-25-535]). Our study indicated that carnosol has anti-AD effect through reducing inflammatory responses.

The STATs pathway has been shown to play an essential role in the downregulation of inflammatory responses in AD ([@b5-bt-25-535]; [@b8-bt-25-535]). Activation of STAT3 resulted in increased release of TNF-α, IL-10, IL-1β ([@b50-bt-25-535]; Drennan *et al*., 2016). Also, activation of STAT3 was ultimately responsible for increased expression of iNOS and COX-2 ([@b47-bt-25-535]). STAT3 is overexpressed and activated in inflammatory skin, and transgenic expression of constitutively active STAT3 in epidermal keratinocytes induced skin inflammation in mice, suggesting an important role for epidermal STAT3 signaling in inflammatory skin disease ([@b21-bt-25-535]). LPS-induced production of inflammatory cytokines was completely blocked by STAT3-deficient macrophages ([@b45-bt-25-535]). STAT3 mutation and lower monocyte chemoattractant were found in increased production of TNF-α in adult patients with hyper-IgE syndrome involved in AD ([@b13-bt-25-535]). Previous studies indicated that AD is inhibited by decreased cytokines such as TNF-α, IL-1β, IL-10, IL-4 and IL-6 after topical therapy ([@b9-bt-25-535]; [@b20-bt-25-535]). In this study, TNF-α and IL-1β were decreased by carnosol treatment in PA-induced mice via inhibition of STAT3 activation. We found that carnosol has a significant STAT3 binding affinity (−7.7 kcal/mol) demonstrated by the docking model and pull down assay. These data were further supported by the significant inhibitory effects of carnosol on STAT3 activity in LPS-induced RAW 264.7 cells and PA-induced mice. It is well known that STAT3 can be transcriptionally activated by phosphorylation of its two important phosphorylation sites, tyrosine 705 (in the SH2 domain) or serine 727 (in TA domain) residue. Moreover, phosphorylation leads to dimerization of STAT3 via intermolecular phosphorylated-Tyr-SH2 interactions. Therefore, it is difficult to explain how binding of carnosol to the STAT3 DBD results in inhibition of STAT3 phosphorylation with our current experimental results. One possibility is that carnosol could inhibit STAT3 phosphorylation through decreasing the p-ERK expression via suppression of STAT3 DNA-binding activity. Also, we evaluated the effect of carnosol on ERK phosphorylation which is known as upstream of STAT3 phosphorylation. Since we found that carnosol suppresses ERK activity (data not shown), the possible mechanism of STAT3 phosphorylation could be associated with ERK pathway. Similar to our data, silibinin and tricin 4′-O-(threo-β-guaiacylglyceryl) inhibit expression of iNOS, COX-2 and NO generation via inhibition of STAT3 activation ([@b47-bt-25-535]). In addition, carnosol has synergic effects with STAT3 inhibitor via inhibition of STAT3 transcription activating and this inhibitory effect resulted in the reduction of iNOS and COX-2 expression and NO generation. These data indicate that the anti-AD effect of carnosol could be associated with an inhibitory effect on STAT3 activity. Thus, it is promising that carnosol could be a candidate compound to be developed as an anti-AD agent.
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![Chemical structure of carnosol (A). The docking model of carnosol with STAT3 is as described in the Materials and Methods section. Pull-down assay identifies an interaction between the carnosol and STAT3. carnosol was conjugated with carnosol-activated Sepharose 6B (B). Structural interaction between carnosol and STAT3 (C).](bt-25-535f1){#f1-bt-25-535}

![Differences in body weight, ear thickness, ear phenotypes and back phenotypes. Body weights of mice in the four groups were measured with a chemical balance (A). PA solution was repeatedly applied to the dorsum of ear and back during topical application of carnosol. After 4 weeks, ear thickness (B), clinical score (C) and clinical features (D) were observed by following the procedure described in Materials and Methods. ^\*^*p*\<0.05, ^\#^*p*\<0.05.](bt-25-535f2){#f2-bt-25-535}

![Changes in auricular lymph node weight, and serum cytokine concentration. The auricular lymph nodes were harvested from the neck regions of the mice using a microscissor, after which they were taken picture (A) and weighed (B). Serum used to measure the cytokine concentration was prepared from blood samples collected from the abdominal veins of mice. Serum IgE (C), TNF-α (D) and IL-1β (E) concentration were quantified by ELISA. Whole blood used to measure the neutrophils (F). Data shown are the mean ± SEM (n=8). ^\*^*p*\<0.05, ^\#^*p*\<0.05.](bt-25-535f3){#f3-bt-25-535}

![Ear and back histology and protein expressions of iNOS and COX-2 and inhibitions of STAT3 (phosphorylation) by topical application of carnosol in back skin. Tissues were excised, fixed in 10% formaldehyde, embedded in paraffin, and sectioned. Representative photographs of ear skin sections stained with hematoxylin and eosin or toluidine blue (original magnification X200) (A and B). Mast cell numbers (C). Mast cells in toluidine blue-stained sections were counted under a microscope (X200). Data shown are the mean ± SEM (n=8). Alteration of the expression of iNOS and COX-2 proteins were measured by Western blotting (A). Equal amounts of nuclear proteins (20 μg/lane) or total proteins (20 μg/lane) were subjected to 8% SDS-PAGE, and expression of STAT3 and p-STAT3 protein were detected by Western blotting using specific antibodies. β-actin protein were used here as an internal control (D). Data shown are the mean ± SEM (n=8). ^\*^*p*\<0.05, ^\#^*p*\<0.05.](bt-25-535f4){#f4-bt-25-535}

![Effect of carnosol on LPS-induced NO release and on protein expressions of iNOS and COX-2 in RAW 264.7 cells. NO level was determined by Griess reaction as described in Methods, in supernatants from RAW 264.7 cells (A). Cells were treated with 1 μg/ml of LPS alone, or with LPS plus different concentrations (1, 2, 5 μM) of carnosol, at 37°C for 24 h. Equal amounts of total protein (20 μg/lane) were subjected to 8% SDS-PAGE, and the expression of iNOS, COX-2, STAT3 and p-STAT3 were detected by Western blotting using specific antibodies in RAW 264.7 cells (B and E). β-actin protein was used here as an internal control. Similar results were obtained from at least three different sets of experiment. Cell viability was evaluated using a MTT assay as described in Methods. RAW 264.7 cells (C). RAW 264.7 cells were transfected with a p-STAT3-Luc plasmid (5×STAT3), and then treated with LPS (1 μg/ml) either alone or with KRICT NO.9 (1, 2, 5 μM) for 37°C for 24 h. Luciferase activity was then determined as described in Methods (D). The activation of STAT3 was investigated using EMSA (F). Values represent means ± SD for three independent experiments performed in triplicate. ^\*^*p*\<0.05. ^\#^ indicates significantly different from LPS treated group (*p*\<0.05).](bt-25-535f5){#f5-bt-25-535}

![Involvement of STAT3 in the inhibitory effect of carnosol on the LPS-induced STAT3, NO generation and expression of iNOS and COX-2 in RAW 264.7 cells. RAW 264.7 cells were cultured with STAT3 inhibitor (1 μM) and carnosol (2 μM) at 37°C for 15 min and 24 h. Equal amounts of total proteins (20 μg/lane) were subjected to 8% SDS-PAGE, and activation of STAT3 (phosphorylation), the expression of iNOS and COX-2 was detected by Western blotting using specific antibodies in RAW 264.7 cells (A and B).The level of NO generation was determined by NO assay (C). RAW 264.7 cells were transfected with a p-STAT3-Luc plasmid (5×STAT3), and then treated with LPS (1 μg/ml) either alone or with STAT3 inhibitor (1 μM) and carnosol (2 μM) for 37°C for 24h. Luciferase activity was then determined as described in Methods (D). Similar results were obtained from at least three different sets of experiment. Values are presented as mean ± SD for three independent experiments performed in triplicate. ^\*^*p*\<0.05 compared to control, ^\#^*p*\<0.05 compared LPS. ^&^*p*\<0.05 compared treated with LPS alone and treated with STAT3 inhibitor.](bt-25-535f6){#f6-bt-25-535}
